We present two methods based on the analysis of Fabry-Pérot interference for a detailed characterization of a 90°corner in a two-dimensional photonic crystal waveguide fabricated in a thin Si membrane. These methods are a means of identifying the critical waveguide elements in the process of improving photonic crystal devices. The effects of the elements forming the photonic crystal waveguide are identified and quantified by means of a stage-by-stage analysis. By Fourier transforming the transmission spectra we observe the amount of light that is back reflected inside the waveguide and based on the fringe contrast of the Fabry-Pérot modulation we calculate the loss contribution of each waveguide element, such as the tapers and the 90°corner.
I. INTRODUCTION
Photonic crystals are periodic structures that provide a great potential for controlling the propagation of light and permit further miniaturization of optical devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Waveguides and waveguide bends can be created for frequencies inside the photonic band gap by introducing line defects into the photonic crystal structure. [11] [12] [13] [14] [15] [16] A sharp bend in a photonic crystal, potentially a key component for integrated photonic circuits, provides an opportunity to study the optical characteristics of photonic band gap structures. In this paper, we present two methods based on the Fabry-Pérot interference technique 17 for a detailed and stage-by-stage experimental analysis of light propagation around a 90°bend in a photonic crystal slab. Transmission spectra of samples with different designs are compared for a better understanding of the transmission efficiency. This analysis allows the study of the effects induced by the different elements of the photonic crystal waveguide. By performing a Fourier transform on the transmission spectra, regions in the waveguide where reflections occur are identified. The losses in all the waveguides are evaluated by calculating the loss coefficient, a very important parameter.
The photonic crystal consists of a square array of cylindrical air holes in a thin Silicon membrane surrounded by air (Fig. 1) . The structure is designed to give rise to a TE-like (in-plane polarization) photonic band gap around Ϸ 1.5 m. The design parameters of the photonic crystal structure are the lattice constant a = 496 nm, the hole radius r = 190 nm, and the slab thickness t = 290 nm. Measurements are performed with an optical setup that includes a tunable laser source ranging from 1440 to 1580 nm.
II. TRANSMISSION EFFICIENCY
In order to study the effects induced by the taper, the ridge waveguide to photonic crystal waveguide interface, and the photonic crystal sections, we fabricated a series of samples that represent the different subelements of a final photonic crystal bend sample. This allows a better understanding of how each element contributes to the final photonic crystal bend spectrum. The first design is a straight multimode waveguide [ Fig. 2(a) ] on a SiO 2 substrate with a width of 10 m, a thickness of 290 nm, and an overall length of 2 mm. It serves as reference for the computation of the transmission efficiency. 12 The second design is a straight waveguide with a taper [ Fig. 2(b) ] that reduces the width to 500 nm, a ridge waveguide section of a length of 25 m in the middle, and again a taper to increase the width to 10 m. The length of the two tapers is 75 m each. The 25 m middle waveguide section is a free-standing membrane and its width ͑500 nm͒ is approximately equal to the width of the photonic crystal waveguide defect channel ͑a = 496 nm͒. This second design allows us to observe the influence of the taper-induced modal conversion. The next stage is the insertion of the photonic crystal containing a straight single line defect (no holes) into the middle of the waveguide Published in Journal of Applied Physics 96, issue 12, [6966] [6967] [6968] [6969] 2004 which should be used for any reference to this work brane and has a length of 20 m. It allows us to study the effect of the modal mismatch between the ridge waveguide and the photonic crystal waveguide, 18, 19 as well as losses created by the crystal. Finally, the 90°bend is introduced into the photonic crystal waveguide section [ Fig. 2(d) ].
III. REFLECTIONS AND LOSS CALCULATIONS
All the measured transmission spectra of the different waveguide types exhibit a characteristic Fabry-Perot interference pattern (shown in the inset of Fig. 3) , which is mostly due to the smooth end facets and which will be discussed in detail in the following section. To obtain the approximate transmission efficiency of the different waveguides, shown in Fig. 3 , we first remove numerically the periodic Fabry-Perot interference pattern and secondly, we divide the transmission spectra by the spectrum of the straight reference waveguide for normalization. This eliminates extrinsic effects of the end injection and most of the spectral response of the measurement optics. Repeated transmission measurements have confirmed that the experimental setup is sufficiently stable to validate the used normalization method. The remaining error is therefore due to fabrication-induced variations between the different waveguides. A transmission efficiency of nearly 85% ͑±10% ͒, which includes ridge waveguide to photonic crystal losses, is observed for the 90°bend waveguide at a frequency of 1.957ϫ 10 14 Hz. It has a bandwidth of ⌬f Ϸ 2700 GHz for a transmission efficiency of more than 60%. The measured transmission efficiency compares relatively well to the general shape and values of the three-dimensional (3D) simulations, which have been presented in Ref. 19 . A detailed modal analysis of the different waveguide types is also presented in Ref. 19 .
All back reflections in the waveguide introduce a spectral Fabry-Perot interference pattern related to the path length between reflecting points. Thus, the Fourier transform of the transmission spectra allows the identification of the points where reflections occur. 20 Figure 4 shows the Fourier transform of the different waveguides, which all indicate a dominating Fabry-Perot interference. This dominant peak corresponds to a silicon path length of about 2 mm, and therefore is the Fabry-Perot effect created by the end facets. Our threedimensional simulations 21 have shown that about 38% of the light is reflected at the silicon/air interface of each end face.
For the design containing the straight photonic crystal waveguide section [ Fig. 4(c) ], a small second Fabry-Pérot interference appears, which is attributed to the waveguide half length ͑1 mm͒ less half the length of the photonic crystal section ͑10 m͒, i.e., Ϸ1 mm. This suggests the presence of some reflection at the interface between the ridge waveguide and the photonic crystal waveguide section. The much smaller height of the second Fabry-Pérot interference peak in comparison to the first Fabry-Pérot interference peak indicates that the reflection at the interface between the ridge waveguide and the photonic crystal waveguide section is much smaller than the reflection at the end facets (38%). The quantification of the second reflection from the relation between the height of the Fabry-Pérot interference peaks is difficult due to too many unknown parameters such as scattering and radiation. However, our three-dimensional numerical simulations have shown a reflection of 1%-5% at the interface between the ridge waveguide and the photonic crystal waveguide section. Therefore, we can conclude that in the high transmission efficiency range the coupling between the ridge waveguide and the photonic crystal waveguide is quite efficient. In the case of the 90°bend waveguide the secondary Fabry-Pérot interference generated by the Fourier transform over the whole transmission spectrum is about three times as strong as for the straight photonic crystal waveguide. This indicates backreflections at the corner added to the previously observed reflection at the interface between the ridge waveguide and the photonic crystal waveguide. The difference in the path length of the reflection at the waveguide to photonic crystal interface and the reflection at the corner is too small to distinguish the two different peaks in the Fourier transform. At most one can observe a slight broadening of the peak corresponding to the path length of about the half length of the waveguide. For a detailed understanding of these backreflections at the corner, we divide the transmission spectrum into different sections and take the Fourier transform thereof [shown in Figs. 4(e) and 4(f)]. On the one hand, we observe that, for frequency ranges where the transmission efficiency is low, the Fabry-Pérot peak corresponding to the backreflection at the corner is greater than the peak corresponding to the end-facet reflection. In this case, most of the light is reflected at the corner. On the other hand, for the frequency range where the transmission efficiency is high, the backreflection at the corner is low and most of the light travels around the corner. The numerically calculated backreflection at the corner in the case of high transmission is about 1%-5%. In the case of low transmission about 50%-72% of the light is reflected at the corner, depending on the amount of light that is scattered out of the photonic crystal waveguide. Additional information can be taken from the fringe contrast of the Fabry-Perot modulation in the measured transmission spectrum. Based on the fringe contrast, it is possible to evaluate the losses in the waveguide. Considering our waveguides as simple resonators with losses, we introduce the round-trip intensity attenuation factor, 22 which is related to the two mirror reflectivities (end facets) and the absorption coefficient of the medium associated with both optical absorption and radiation loss,
where R 1 and R 2 represent the end-facet reflectivities, d the total waveguide length of 2 mm, and ␣ s the absorption coefficient. The maximum and minimum intensity (fringe contrast) observed in the measured transmission spectrum is related to the attenuation factor as follows:
Using the two relations, we can solve for the absorption coefficient,
The loss contribution of each element of the bend waveguide can now be calculated, assuming zero material absorption and that the calculated end-facet reflectivities of 38% are not significantly wavelength dependent in our measurement range. In Fig. 5 we show the calculated overall loss for the different waveguides. The straight reference waveguide shows an overall loss of between 8 and 9 dB for the entire measurement range. Considering the waveguide length of 2 mm, we can estimate a relative loss of 4.5 dB/ mm. As already observed from the transmission efficiency, the loss calculation of the waveguide with taper confirms that practically no significant losses are induced by the taper. Compared to the reference waveguide, we can attribute an approximate loss of up to 0.5 dB to the taper. For the straight photonic crystal waveguide we observe in the frequency range below the cutoff between 0.5 and 2.5 dB of loss, which is due to the inserted photonic crystal waveguide section. Above the cutoff frequency the loss explodes and the applied loss calculation method looses its validity. The numerical noise above the cutoff frequency is due to a too small FabryPerot fringe contrast. From the calculated loss corresponding to the photonic crystal waveguide section, we can estimate the relative loss coefficient of the defect guide. The section length of 20 m leads to a relative loss coefficient of 25-125 dB/ mm. Recently loss coefficients of 1 and 2.4 dB/ mm have been reported. 23, 24 Lower quality of the fabricated photonic crystal structure can explain the higher loss coefficient. In addition, in Ref. 19 we have shown with a detailed modal analysis that the dispersion curve of the propagating defect mode is above the light line, which contributes significantly to the loss coefficient. Finally, the loss that can be attributed to the 90°bend waveguide adds up to between 1 and 2.5 dB in comparison to the reference waveguide for the high transmission frequency range. Comparing the 90°bend waveguide with the straight photonic crystal waveguide, we can estimate a loss of 0.5-2 dB due to the corner itself. It should be noted that the applied loss calculation method is valid only to a limited extent in the case of the 90°bend waveguide. As long as any reflections at points in between the end facets are significantly small in comparison with the end-facet reflection, the loss coefficient can approximately be calculated from the Fabry-Perot fringe contrast. However, in the preceding section we have shown that considerable reflections at the corner occur for frequencies where the transmission efficiency is low. Therefore, in that case the applied loss calculation method is not valid.
IV. CONCLUSION
In summary, we have presented simple methods for a detailed analysis of the light propagation around a 90°bend corner in a photonic crystal slab. The presented measurements show efficient waveguiding around a 90°corner and help to understand better the phenomena present in a waveguide containing a section of photonic crystal. Comparing the transmission spectrum of the different waveguide designs has made it possible to evaluate the influence of the subelements of the corner waveguide. We have shown that nearly 85% transmission efficiency was observed for the 90°b end waveguide. By means of the Fourier transform of the transmission spectra we have identified the points where reflections occur inside the waveguide. Based on the fringe contrast of the measured Fabry-Perot modulation in the transmission spectrum, we have calculated the losses of the waveguides. The loss for the straight photonic crystal waveguide was estimated to be 25 dB/ mm in the best case. The corner alone adds an estimated loss of 0.5-2 dB for the frequency range where the transmission efficiency is high. The presented methods for the characterization of the photonic crystal waveguide help identify the critical waveguide elements that need improvement. For example, backreflections can be significantly reduced by introducing tapers for better light coupling. Waveguide sections with high losses need improvement by positioning the dispersion curve of the defect mode under the light line and by reducing the roughness of the sample surface.
